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Inorganic compoundsCaesium phosphomolybdate (Cs3PMo12O40xH2O) and zirconium molybdate ([ZrMo2O7(OH)2]2H2O) sol-
ids are known to precipitate out from highly active liquors (HAL) during reprocessing of spent nuclear
fuel. Here, a new synthesis for these simulants is reported; with the initial step producing spherical cea-
sium phosphomolybdate particles, which can then be converted into cubic Zirconium molybdate. Addi-
tionally, the addition of citric acid prior to the formation of the zirconium salt is investigated. In this case,
a citratomolybdate complex is generated, leading to the synthesis of elongated cuboidal zirconium citra-
tomolybdate ([ZrMo2O7(OH)2]2H2O[(MoO2)2O(cit)2]). A key focus of this study is to explore the optimi-
sation of reaction conditions to create a controlled environment for the particles to form with high
conversion rates and with desired shape properties. Elemental and structural characterisation of the par-
ticles at various points during the synthesis, as well as post-synthesis, was undertaken to provide further
insights. Ultimately, it is of importance to determine the mechanism of how these simulants are formed
within the components in HAL. Establishing the inﬂuence of particle properties on HAL behaviour is key
for current processing, post operational clean out (POCO) and life-time assessment of the nuclear waste
facilities.
 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Caesium phosphomolybdate (Cs3PMo12O40xH2O ‘‘Cs-phospho-
molybdate’’) and zirconium molybdate ([ZrMo2O7(OH)2]2H2O
‘‘Zr-molybdate’’) are important nuclear waste particulate systems,
also known as highly active liquor (HAL) solids created in fuel
reprocessing cycles. Synthesis of the HAL simulants through
non-radioactive chemical precursors, provide an insight into the
chemical mechanism for particle formation and opportunities for
synthesis modiﬁcation. During the reprocessing of spent nuclear
fuel, useful uranium and plutonium components are removed by
solvent extraction recycling. The remaining ﬁssion products (which
are dissolved in nitric acid) are then concentrated in evaporators. It
is at this stage where the precipitation of Cs-phosphomolybdate
and Zr-molybdate are most likely to occur, due to the high
concentrations of zirconium, caesium and molybdenum ions.It is important in the laboratory, to replicate the conditions (i.e.
acidity and temperature) in which these HAL solids form as closely
as possible, allowing for the production of relevant simulants for
comparative studies. Post-operational clean out (POCO) procedures
for the highly-active storage tanks (HASTs) will require the com-
plete removal of solids from inside the vessels and associated pipe-
work. At this point additives may be introduced, where
morphological manipulation of the Zr-molybdate particles is
advantageous for subsequent processing. A primary objective of
this current research is to study resulting changes to particle shape
and crystal structure for zirconium complexes formed with such
additives.
A number of studies have been carried out to understand the
formation of Zr-molybdate [1–5], whilst in contrast, relatively
few have detailed synthesis routes for Cs-phosphomolybdate
[6,7]. Formation of Cs-phosphomolybdate is conducted using nitric
acid solutions with various concentrations of caesium ions and
phosphomolybdic acid, with reaction conditions maintained at
70 C under continuous agitation. It is believed Cs3PMo12O40xH2O
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sium ions [7], where x can range from 9 to 14 H2O depending, on
the drying method [6].
Various techniques for Zr-molybdate synthesis have been
developed originating from the sol–gel precipitation method by
Clearﬁeld & Blessing [1]. Generally, most methodologies based on
this work result in the production of [ZrMo2O7(OH)2]2H2O, for-
mally known as zirconium molybdenum dihydroxide dihydrate.
The reported synthesis required the preparation of aqueous reac-
tant solutions of 200 mL 0.5 M zirconium oxide dichloride octahy-
drate, ZrOCl2(H2O)8 and 200 ml of 1 M sodium molybdate,
Na2MoO4(H2O)2, producing a white crystalline powder.
The mechanism of Zr-molybdate formation may be inﬂuenced
by a number of additional species found in liquors from nuclear
fuel reproccessing. Xuegang et al. [2] created a simulant precipita-
tion liquor containing 15 elements at different concentrations. The
production of [ZrMo2O7(OH)2]2H2O was found to be dependent on
the Mo/Zr contained within the simulated high level waste, thus
the highest concentration levels of zirconium and molybdenum
were implemented. The composition of aqueous solutions chosen
closely resembled those present in nuclear fuel reprocessing
plants. A further study by Magnaldo et al. [8] explored the nucle-
ation and growth properties of Zr-molybdate crystals to determine
a possible mechanism for the formation fouling layers, which may
compromise the integrity of the nuclear waste facilities. It was
found that deposition of Zr-molybdate from bulk ﬂuid can occur
in addition to localised surface nucleation, forming extended sur-
face networks with the ability to create a fouling layer including
other debris.
Other methods of Zr-molybdate synthesis involve oxidation cat-
alytic methods [3], while Monray-Guzman and co-workers have
discussed the production of Zr-molybdate gel and its effect on
Mo/Tc generators [4,9,10]. Kumar et al. [11] studied the potential
of separation of long-lived radionuclide such as 137Cs and 90Sr,
where the sorption behaviour a on zirconium molybdate was
investigated. Again, a sol–gel method was implemented to produce
[ZrMo2O7(OH)2]2H2O using ammonium molybdate and zirconium
oxychloride. Ultimately, the sorption of 137Cs on was more likely
than 90Sr, indicating how precipitation of these salts in a HAL envi-
ronment may affect concentration of other mobile ions present.
Other applications include the use of thermal expansion materials
[12,13].
A key feature in the synthesis of Zr-molybdate, is the interaction
of the molybdenum and additives, such as citric acid, to produce
citratomolybdate complexes, which are commonly used for
analytical applications and in corrosion resistant alloys [14]. The
citratomolybdate complex has been identiﬁed in numerous studies
[15–18]. Alcock et al. synthesised K4[Mo4O11(cit)2]6H2O, where the
complex anion was determined using XRD [16]. The structure of
the complex contains a central oxygen atom bound to two
molybdenum atoms. Each of the molybdenum atoms are octahe-
dral coordinated, and the tridenate citric acid ligands are bound
to the molybdenum atoms. The citric acid OH and O atoms of the
carboxylate groups form covalent bonds with the molybdenum
atoms. The central oxygen atom essentially creates an oxygen
bridge, Mo–O–Mo, where the citratomolybdate complex is cis-
bound with two citrate ligands.
Currently, there is only limited information is available on inﬂu-
ence of the citratomolybdate complex on the crystal formation of
zirconium molybdate. Additionally, a unique approach will be
explored here, by which Zr-molybdate is produced using caesium
phosphomolybdate dispersions as the foundation for molybdate
ion liberation. Ultimately, this research will highlight novel syn-
thetic routes for the formation of these highly active nuclear waste
simulants, as well as the morphological manipulation of Zr-molyb-
date to produce zirconium citratomolybdate, from the addition ofcitric acid. A current interest in the UK nuclear industry is to ﬁnd
viable routes to modify the morphology of the precipitated zirco-
nium salts, as one approach to improve their processing and even-
tual disposal. Further, this study will focus on optimising synthesis
methodology, to produce a high yield, uniform batch of morpho-
logical speciﬁc products.2. Materials & methods
2.1. Materials
The three materials synthesised in this study were caesium
phosphomolybdate (Cs3PMo12O40xH2O), zirconium molybdate
([ZrMo2O7(OH)2]2H2O) and zirconiumcitratomolybdate ([ZrMo2O7
(OH)2]2H2O[(MoO2)2O(cit)2]). Table 1 provide key information for
all of the required reagents used in the study for the production of
these species.2.2. Particle synthesis
The synthesis of the chosen nuclear waste simulant particles
was carried out in a batch reactor vessel, with a set-up as illus-
trated in Fig. 1.2.2.1. Synthesis of caesium phosphomolybdate (Cs3PMo12O40xH2O)
Synthesis of Cs-phosphomolybdate involved preparing phos-
phomolybdic acid (H3PMo12O40) and caesium nitrate (CsNO3) solu-
tions. The method was established from an internally circulated
document within the National Nuclear Laboratory (NNL), and is
similar to the reported work of Bykhovskii and co-workers [7].
Phosphomolybdic acid and caesium nitrate solutions were
individually prepared by dissolving the solids, at a ratio of 3:1
H3PMo12O40 (242 g) to CsNO3 (82 g), in 2 M nitric acid under
continuous stirring. Preparation of these solutions was carried
out separately in two individual 2 L beakers, where the solids were
stirred until they were fully dissolved, at room temperature. The
caesium nitrate was then dispensed into the empty 4 L reactor
vessel, illustrated in Fig. 1, and heated to 50 C. Phosphomolybdic
acid was added at a rate of 16.67 mL/min to the CsNO3 over a 1 h
period, using a 20 mL syringe. Following the complete addition of
the acid, the solution was maintained at 50 C with continuous
stirring (approximately 200 rpm).
Yellow Cs-phosphomolybdate precipitated out during the 48 h
reaction period. Separation of the solids from the mother liquor
was achieved by decanting. The ﬁnal dispersion was left to stand
for 1 h, after which phase separation of the solids was achieved
and a clear supernatant produced. The removal of the supernatant
required a hand pump. The remaining solids were collected and
oven dried at 50 C for 48 h, and the solids did not require a clean-
ing step. The complete synthesis protocol for Cs3PMo12O40xH2O is
shown in Fig. 2.2.2.2. Synthesis of zirconium molybdate ([ZrMo2O7(OH)2]2H2O)
The zirconium molybdate synthesis was also derived from an
internal report from NNL, and was based on that reported by Clear-
ﬁeld and Blessing [1]. The method implemented in this research
however provides an alternative to the sodium molybdate com-
pound used in the earlier research, and instead uses the produced
Cs-phosphomolybdate as a reagent. Synthesis required the initial
conditioning of 397 mL zirconyl nitrate (ZrO(NO3)2) dissolved in
6 M nitric acid at 100 C. This was carried out in a 1 L round bot-
tomed ﬂask, under reﬂux. Initially, the zirconyl nitrate dispersion
gives a milky-white appearance when added to nitric acid. Condi-
tioning at 100 C allows breakdown of the compound to produce
Table 1
Materials used for analytical measurements and raw materials required for synthesis.
Compound Chemical name Formula Purity/concentration Supplier
Dodecamolybdophosphoric acid Phosphomolybdic acid H3PMo12O40 80% ACROS Organics
Caesium nitrate CsNO3 99.8% Alfer Aesar
Zirconium(IV) oxynitrate Zirconyl nitrate ZrO(NO3)2 212 g/L Johnson and Matthey
3-Carboxy-3-hydroxypentanedioic acid Citric acid C6H8O7 99.8% Fisher Scientiﬁc
Nitric acid HNO3 70% (16 M) Fisher Scientiﬁc
Fig. 1. A 4 L Batch reactor vessel set-up for caesium phosphomolybdate, zirconium
molybdate and zirconium citratomolybdate synthesis. The reactor vessel is a
jacketed vessel (containing silicon oil for heating purposes) an overhead paddle
agitator, a condenser with circulating water at 5 C and a temperature probe.
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prior to the [ZrMo2O7(OH)2]2H2O synthesis.
A 2 L Cs-phosphomolybdate suspension using 121 g of
H3PMo12O40 and 41 g of CsNO3 was ﬁrstly synthesised in the 4 L
reactor vessel (as per Section 2.2.1). After 48 h, the suspension
was heated up to 90 C. The dissolved zirconyl nitrate solution
was then added at a rate of 16.67 mL/min over a 1 h period with
continuous stirring (200 rpm) whilst the reaction medium was48 hr 
50oC 
Q=16.67 mL/min 
50oC 
Caesium 
phosphomolybdaZirconium nitrate 
Caesium nitrate
Q=16.67 mL/min 
50oC 
Phosphomolybdic acid 
240 hr 
90oC 
Zirconium molybda
Fig. 2. Schematic illustration of the synthesis steps for caesium phomaintained at 90 C under reﬂux. The experimental set-up was
again as shown in Fig. 1.
Conversion of Cs-phosphomolybdate to Zr-molybdate can be a
lengthy process, sometimes taking up to 14 days. The conversion
is visually monitored by an associated characteristic colour change
from yellow to white. Once again, at the conclusion of the reaction,
the precipitated [ZrMo2O7(OH)2]2H2O solids were left to naturally
settle and the liquor was decanted. The solids were washed once
with 2 M nitric acid to remove excess zirconium, and extracted sol-
ids required oven drying at 50 C. The overall synthesis method is
illustrated in Fig. 2.
2.2.3. Synthesis of zirconium citratomolybdate – Method 1
This research explored two types of zirconium molybdate, to
understand the changes to particle characteristics associated with
morphological transformation. Elongation of the particles required
the synthesis to be modiﬁed with an organic additive, citric acid. As
discussedwithin the introduction, the citric acid is known to form a
citratomolybdate complex [15–18], this initiated the interest in the
inﬂuence of the complex interaction with [ZrMo2O7(OH)2]2H2O.
Initially, a simple zirconium citratomolybdate ([ZrMo2O7(OH)2]
2H2O[(MoO2)2O(cit)2]) synthesis method was investigated, which
required only the addition of citric acid simultaneously with the
zirconyl nitrate over a period of 1 h to the Cs-phosphomolybdate
conversion (as described in Section 2.2.2). 20 mol% of the citric
acid was added to the synthesis and conditions set as per the
[ZrMo2O7(OH)2]2H2O method. The reaction was kept at 90 C for
336 h under reﬂux with continuous stirring at 200 rpm. The same
cleaning procedure with nitric acid was undertaken also as with
the Zr-molybdate synthesis.
The overall synthesis Method 1 of zirconium citratomolybdate
is illustrated in Fig. 3.
2.4. Synthesis of zirconium citratomolybdate – Method 2
Initial experiments with Method 1 gave an overall poor conver-
sion of the Cs-phosphomolybdate to zirconium citratomolybdate
(see Section 3.3 discussion) and thus a modiﬁedmethod, illustratedDrying 
(s) 
48 hr 
55oC 
20oC 
Filtraon Waste 
(l) 
te 
 
te 
20oC 
sphomolybdate and zirconium molybdate particle production.
240 hr
90oC
Zirconium 
citratomolybdate
20oC
Filtration Waste
Drying
(s)
48 hr
55oC
(l)
20 mol%
Q=1.67 mL/min
55oC
Caesium 
phosphomolybdate
Q=16.67 mL/min
3M HNO3
90oC
Zirconium nitrate
Citric acid
Fig. 3. A schematic of Method 1 illustrating the synthesis steps required for morphological modiﬁcation of zirconium molybdate to produce zirconium citratomolybdate
particles with incorporation of citric acid.
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mised synthesis method, in contrast to the initial Method 1,
required the change in the citric additive induction time to
t = 30 min, a change in additive ﬂow rate to 3.34 mL/min and the
addition of a washing step. The intent was to optimise the key
parameters to improve the overall yield conversion achieved in
Method 1, where the reasoning will be further discussed in Section
3.4. The reaction was again kept at 90 C under reﬂux with contin-
uous stirring at 200 rpm. Post ﬁltration, it was necessary to wash
the Zr-citratomolybdate product with ammonium carbamate
(NH2CO2NH4), which was undertaken to dissolve any excess
Cs-phosphomolybdate and to generate a high yield of uniform
[ZrMo2O7(OH)2]2H2O[(MoO2)2O(cit)2] particles.
The overall synthesis Method 2 of zirconium citratomolybdate
is illustrated in Fig. 4.3. Results and discussion
3.1. Synthesis of caesium phosphomolybdate (Cs3PMo12O40xH2O)
Caesium phosphomolybdate formation is a double replacement
reaction, where both the reactants, phosphomolybdic acid240 h
90oC
Zirconium 
citratomolybda
Ammonium carbam
Citric acid
20 mol%
3.41 mL/min
90oC Caesium 
phosphomolybQ=16.67 
mL/min
3M HNO3
90oC
Zirconium nitrate
Fig. 4. Schematic of Method 2 illustrating the synthesis steps required for morpholog
incorporation of citric acid.(H3PMo12O40) and caesium nitrate (CsNO3) dissociate, with
[PMo12O40]3 and [H]+ ions forming from the phosphomolybdic
acid while [Cs]+ and [NO3]3 ions dissociate from the caesium
nitrate. The proposed formation is based on the molecular formula,
chemical structure and the initial quantities of raw materials, and
is expressed by the following stoichiometric equation:
H3PMo12O40  14H2OðaqÞ þ 3CsNO3ðaqÞ
! Cs3PMo12O40  14H2OðsÞ þ 3HNO3ðaqÞ ð1Þ
With a net ionic precipitate reaction:
½PMo12O40  14H2O3ðaqÞ þ ½CsþðaqÞ ! Cs3PMo12O40  14H2OðsÞ ð2Þ
This reaction produced a conversion of 94% after 48 h, with con-
stant temperature and agitation speed. The precipitated solids,
when separated from the liquor and dried, produced a crystalline
product with a bright yellow appearance. Fig. 5 illustrates SEM
images of the Cs-phosphomolybdate post-synthesis.
The SEM images in Fig. 5 show the synthesised Cs-phosphomo-
lybdate sample to be submicron, near size monodisperse, spherical
particles. The primary particle size is 200 nm with a range of
larger aggregates having sizes of 1 lm. With an increase in
magniﬁcation to 151.09 K it appears that the 200 nm particlesr
te
2M
AC:ZMCA 
(2:1)
ate
Drying
(s)
48 hr
55oC
20oC
Filtration Waste
(l)
Wash
(s)
(l)
date
ical transformation of zirconium molybdate to zirconium citratomolybdate with
Fig. 5. Scanning electron microscope images of synthesised caesium phosphomolybdate particles. Images are taken at different magniﬁcations: (a) 23.01 K; (b) 23.25 K; (c)
29.32 K; (d) 151.09 K.
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particles, identiﬁed by the roughened surfaces of the primary
aggregate. Fig. 6 illustrates a proposed mechanism of Cs-phospho-
molybdate aggregate formation.
The proposed mechanism in Fig. 6 suggests there are three dis-
tinct stages in the formation of the overall Cs-phosphomolybdate
particles. In Stage 1, nanocrystallites are formed (the size of which
has not been deﬁned); in Stage 2 the attractive van dan der Waals
forces in the system causes the aggregation of these nanocrystal-
lites and the formation of a primary spherical aggregate with a size
of 200 nm (illustrated in Fig. 5(c)); and, in Stage 3 the primary
aggregates themselves form larger secondary aggregates, with an
overall size of a few microns.
3.2. Synthesis of zirconium molybdate
It may be expected that the initial step of Zirconium molybdate
formation is the breakdown of Cs-phosphomolybdate at highFig. 6. Proposed aggregation mechanism for caesium phosphomolybdate particles. Stage
consisting of cemented nanocrystallites; Stage 3: formation of the secondary aggregate,temperatures, which leads to the formation of the oxomolybdate
complex, [Mo2O5]2+. The assumption is based on research con-
ducted by Zhou et al. [17,18]. Upon liberation, this complex reacts
with the [Zr]+ released from the conditioned zirconyl nitrate
(ZrO(NO3)2). It is this reaction between the oxomolybdate and
zirconyl nitrate which produces Zr-molybdate particles. The pro-
posed formation of [ZrMo2O7(OH)2]2H2O, based on the molecular
formula, chemical structure and the initial quantities of raw
materials, is expressed by the following stoichiometric equation
Cs3PMo12O40  14H2OðaqÞ þ 6ZrOðNO3Þ2ðaqÞ þ 3HNO3ðaqÞ
þ 10H2OðaqÞ ! 6½ZrMo2O1ðOHÞ2  2H2OðsÞ þH3PO4ðaqÞ
þ 3CsNO3ðaqÞ þ 9H2OðaqÞ ð3Þ
With a net ionic precipitate reaction:
½PMo12O403ðaqÞ þ ½ZrþðaqÞ ! ½ZrMo2O7ðOHÞ2  2H2OðsÞ ð4Þ1: formation of the nanocrystallites; Stage 2: formation of the primary aggregates,
consisting of the submicron aggregates.
134 N. Paul et al. / Polyhedron 89 (2015) 129–141This reaction produced a conversion of 84% after 48 h, at con-
stant temperature and agitation speed. The precipitated solids sep-
arated from the liquor and dried produced a crystalline product
with a cream/white appearance. SEM images of the Zr-molybdate
particles are illustrated in Fig. 7.
The SEM images, in Fig. 7, illustrate that basic particle shape of
Zr-molybdate to be cubic. Individual particle sizes range from
approximately 500 nm to 3 lm. Fig. 7(c) and (d) show the presence
of ﬁner particles in addition to the larger 3 lm [ZrMo2O7(OH)2]
2H2O particles, this is indicative of some moderate size polydisper-
sity; however the majority of particles were of a size order
between 1 and 5 lm.
Fig. 7(c) shows evidence of multiple penetration twinning,
where crystals are formed by growth and pass through each other.
There are various mechanisms associated with the incorporation of
growth units to form penetration twins, where the crystal units
seem to grow simultaneously but independent of each other [19].
A proposed mechanism for multiple twinning Zr-molybdate mor-
phologies is a change in the lattice during formation, which can
be due to a substituting growth unit. In this case both [Mo2O5]2
and [Zr]+ are the crystal nuclei which exist in solution. Substitution
of a large ion takes place along the c-axis and the incorporation of
the growth units on growth interfaces (004) or (004), this results
in the formation of a twinned crystals [20]. Multiple penetration
twinning occurs when two or more structures contain interpene-
trating lattice and therefore occur in pairs. As the planes of symme-
try are identical, the crystals units pass through each other during
growth [21].
For both Cs-phosphomolybdate and Zr-molybdate production,
considering the initial quantity of the molybdate compound, it
can be concluded that the concentration of [Mo2O5]2 ions released
in solution controls the rate of reaction and ultimately the yield of
solid produced. It is therefore of importance to control the release
of the [Mo2O5]2 complex to obtain the desired solid product. This
will be further discussed later in the paper.10 µm
1 µm
(a) 
)c(
Fig. 7. Scanning electron microscope images of synthesised zirconiummolybdate particle
27.99 K.3.3. Staged synthesis of zirconium citratomolybdate with Method 1
The conversion of Cs-phosphomolybdate to zirconium citrato-
molybdate proved to be challenging, and detailed characterisation
was required to fully understand the mechanism. Throughout the
[ZrMo2O7(OH)2]2H2O[(MoO2)2O(cit)2] synthesis, 2 mL aliquots
were extracted at 24 h, 192 h and 330 h intervals to understand
how the material changed during conversion. The samples were
analysed by SEM imaging to observe the morphological changes
at varying stages of the reaction.
Initial SEM images in Fig. 8 of Cs-phosphomolybdate shows
smooth surfaces of the polycrystalline crystals. After approxi-
mately 24 h, it can be seen that the Cs-phosphomolybdate breaks
down, due to the increase of temperature from 50 to 90 C [22].
The aggregates are shown to dissolve and form a hollow centre,
indicated by green arrows in Fig. 8(a), and in some cases as shown
in Fig. 8(b), a crystalline Cs-phosphomolybdate surface (yellow
arrow) with an increased core density (red arrow). Hollow spheres
are produced by Ostwald ripening or differential diffusion within
the solid spheres [23–25]. In the latter case, the breakdown of
the Cs-phosphomolybdate releases reagents causing the solution
concentration to increase past their supersaturation point. This is
an ideal environment for spontaneous nucleation to occur and
causes a secondary layer of crystalline Cs-phosphomolybdate on
the outside of the initial surface. Contingent to the production of
a diffusion pathway through the outer crystalline layer, the inner
core dissolves. At this stage, the supersaturation rate increases in
solution again, above the solubility of Cs-phosphomolybdate, lead-
ing to secondary nucleation on the external surface. This secondary
nucleation increases the thickness of the outer layer as the inner
core is depleted, thus producing hollow sub-micron spheres as
illustrated in Fig. 8(a). Similar behaviours have been observed for
calcium carbonate by Yu et al. [26]. In some cases, low supersatu-
ration rates and insufﬁcient diffusion pathway produces ﬁlled sub-
micron Cs-phosphomolybdate spheres, as illustrated in Fig. 8(b).2 µm
1 µm
(b) 
)d(
s. Images are taken at different magniﬁcations: (a) 1.74 K; (b) 7.79 K; (c) 19.66 K; (d)
100 nm 200 nm
(a) (b) 
Fig. 8. Scanning electron images illustrating the breakdown of caesium phosphomolybdate, 24 h into the synthesis. The images were taken at different magniﬁcations: (a)
hollow centre crystal at 130.56 K; (b) ﬁlled centre crystal at 152.60 K.
N. Paul et al. / Polyhedron 89 (2015) 129–141 135Fig. 9 provides images taken at 192 h into the synthesis where
the formation of elongated Zr-citratomolybdate particles is seen.
Fig. 9(b) indicates a growth penetration twin at an angle. This
occurs at a rotation axis, where it forms a new symmetry which
results in a plane where the atoms are shared between the two
crystals. Fig. 9(a) indicates growth initiated by multiple cyclical
twinning. This is a type of contact twin where the compositional
surfaces are not parallel during growth. A spherical ball is formed
when the Zr-citratomolybdate particles have twinned along the
dominating plane resulting in the branching behaviour. The
branching occurs along the dominating axis and new nucleation
events will result in the formation of complex structures with radi-
ating growth mode from a central nucleus. There are many factors1 µm 
(a) 
Fig. 9. Scanning electron images illustrating the formation of zirconium citratomolybda
contact twinning at 29.63 K; (b) penetration twinning at 125.70 K.
2 µm 
)a(
Fig. 10. Scanning electron images illustrating the formation of zirconium citratomolybd
fully developed zirconium citratomolybdate at 21.02 K; (b) step growth of crystals at 37inﬂuencing the growth and the nucleation of the particles, which
involve the solubility and acidity of the additive used.
Fig. 10 shows a representative image at 336 h into the synthe-
sis. It is evident from the SEM images the formation of the elon-
gated particles has now occurred. Fig. 10(b) indicates crystal step
growth. It is suggested for zirconium citratomolybdate synthesis
that 336 h of reaction time is not a sufﬁcient for 100% conversion.
Further studies on crystal growth and the mechanisms are
required to better understand this type of behaviour.
One of the assumptions, even at two weeks of reaction time, is
that a signiﬁcant amount of unconverted Cs-phosphomolybdate
remains in the ﬁnal product. The SEM image, shown in Fig. 11,
was taken after the full reaction time and is indicative of this,300 nm
(b) 
te, 192 h into the synthesis. The images were taken at different magniﬁcations: (a)
1 µm 
)b(
ate, 336 h into the synthesis. The images were taken at different magniﬁcations: (a)
.63 K.
2 µm
Fig. 11. Scanning electron microscope image used during electron dispersive
spectroscopy analysis. The image illustrates zirconium citratomolybdate at 336 h
into the synthesis. The EDX main parameters: working distance at 8 mm; electron
intensity at 20 keV.
Fig. 12. Electron dispersive spectroscopy point and identiﬁcation method. The image ill
mass spectrum of both locations.
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date particles is evident. This assumption can be examined further
using an elemental analysis, energy dispersive X-ray from the SEM.
In Fig. 12, the EDX data taken at the marked locations in the
SEM image shown in Fig. 11 are given. The EDX patterns highlight
the presence of the expected atoms, with a predominance of Zr, Mo
and O. The presence of C atoms, indicates the presence of citric
acid. From the EDX pattern there is also evidence of Cs atoms, con-
sistent with the unconverted Cs-phosphomolybdate. This can be
further analysed by applying an EDX mapping technique as shown
in Fig. 13.
As observed visually in Fig. 13, there are large amounts of Zr and
Mo atoms within the sample, most of which are in region of the
cuboidal Zr-citratomolybdate particles. In contrast, the location
of the Cs atoms is primarily within the debris around them, con-
ﬁrming that this is most likely unconverted Cs-phosphomolybdate.
Using these SEM images, we conclude that the conversion is
incomplete and yield relatively low.
3.4. Synthesis of zirconium citratomolybdate with Method 2
The initial approaches to the production of zirconium citrato-
molybdate involved the understanding of the chemistry withinustrates the spectrum of speciﬁc locations of the sample (spectrum 2 and 3) and a
Fig. 13. Electron-dispersive X-ray images displaying elemental mapping of zirconium citratomolybdate at 336 h. Images taken for several elements: (a) Zr La1; (b) Mo La1;
(c) Cs La1.
N. Paul et al. / Polyhedron 89 (2015) 129–141 137the system, relevant to both Methods 1 and 2. The ﬁnal approach
(Method 2) looked at controlling the feed rate of the reagents
and induction time of the additive to increase the conversion of
Cs-phosphomolybdate, due to the poor initial yield using Method
1 (as discussed in Section 3.3).
There were two main objectives for the synthesis optimisation;
primarily, creating a batch of uniform elongated cuboidal shaped
particles and a high yield. The optimised method involved a change
in the following parameters
 Flow-rate of the additive.
 Initial time of additive incorporation.
 Washing of ﬁnal batch.
Taking the above into consideration, and the chemical inﬂuence
of the additive, we have explored options for the optimisation of
this synthesis. Method 2 considers an increase of additive ﬂow rate
to 3.34 mL/min from 1.67 mL/min, altering the additive induction
time to t = 30 min from t = 0 min, and addition of a H2CO2NH4
washing step for Cs-phosphomolybdate dissolution, leading to
the ﬁnal conditions as discussed in this paper.
A proposed intermediate step (formation of citratomolybdate
complex) in the ([ZrMo2O7(OH)2]2H2O[(MoO2)2O(cit)2] synthesis
is expressed below.Cs3PMo12O40  1400482Oþ 3HNO3 !
90 C
6Mo2O
2þ
S þH3PO4
þ 6H2O!
Zrþ
2½MoO42þ þ 2H3cit ! ½ðMoO2Þ2OðcitÞ26 þ 3H2O
ð5Þ
Eq. (5) is based on the mechanism proposed by Alcock et al.
[16]. As mentioned previously, it is the liberation of the molybde-
num ions which drives the formation of Zr-molybdate. From the
above equation, it is then the interaction between the molybde-
num ions and the citric acid which controls the change in morphol-
ogy to form the Zr-citratomolybdate.
Citric acid forms a complex with the molybdenum ion known as
citratomolybdate [15–18]. It is this citratomolybdate complex
which then adsorbs onto a surface of the molybdate particle inhib-
iting the growth on that particular surface, while the other surfaces
continue to grow. This in turn results in the elongated, cuboidal
shape. The angle of the Mo–O–Mo at 137 [17] and the steric hin-
drance of the citric acid groups only allows the citratomolybdate
complex to bind to speciﬁc faces. It is assumed the behaviour is
due to the cis-arrangement of the two citric acid ligands, this pre-
vents any binding to the concave side of the central Mo–O–Mo
bond. Understanding the production of the citratomolybdate com-
plex is relevant to both Methods 1 and 2 and thus the initial induc-
tion time of the citric acid additive at t = 0 min was modiﬁed to
t = 30 min.Implementation of Method 2 produced uniform batches of elon-
gated Zr-citratomolybdate particles, SEM images are presented in
Fig. 14.
The SEM images in Fig. 14 indicate consistent particles have
been produced with no surrounding unconverted Cs-phosphomo-
lybdate. The variation in magniﬁcation intensity (a–c) enables an
overview of the batch and an enlarged image of an individual par-
ticle, and highlights any areas within the sample where debris
could be present. From Fig. 14a), it is evident there is no uncon-
verted Cs-phosphomolybdate present, even across a large sample,
and the application of the optimised method proved to be
successful.
A change of the additive feed, from 1.67 mL/min to 3.34 mL/min
was also implemented. The increased feed rate results in the accu-
mulation of the citrate ions above the critical supersaturation con-
centration, where growth of the crystal can occur. By increasing
the feed rate, it enhances the interaction of the growth units of,
in this case, the molybdenum and citrate ions. The initial method
had a shorter nucleation period because the additive was insufﬁ-
ciently supplied. This maintained the solute concentration below
the critical supersaturation concentration, and thus crystal growth
was limited.
The initial time for addition of the citric acid was changed from
t = 0 min to t = 30 min, as previously discussed in the methodology.
This initial induction time period enables the interaction of the two
growth units, [Mo2O5]2+ and [Zr]+, to nucleate Zr-molybdate. The
delay of citric acid incorporation, enables the interaction of citrate
ions and [Mo2O5]2+ to form the citratomolybdate complex which
acts as an inhibitor on selective surfaces.
Collectively, the aim of increasing the feed rate and time delay
of the additive was to increase the rate of reaction of the Zr-citra-
tomolybdate particles with a high yield. Previous batches with the
initial method produced poor yield ranging from 20% to 40%. How-
ever, implementing the new method enabled the production of
70% for a reaction time of 5 days. Indeed, due to equipment failure,
the reaction did not have the full 2 weeks of conversion, although,
from the results obtained it is most certain > 90% could have been
achieved for the new method if it was run to completion.
The washing regime was prepared by separating the precipi-
tated solids from the supernatant, via ﬁltration, and then washed
with 2 M ammonium carbamate, at a 2:1 ratio of washing agent
to solids. This was left until the Cs-phosphomolybdate was fully
dissolved (identiﬁed by the disappearance of the yellow colour)
which required around 10 min. The particles and the carbamate
washing agent dispersion underwent a centrifugal separation at
3500 rpm for 10 min. The supernatant was removed as waste
and the solids were re-dispersed in 2 M nitric for neutralisation,
for 30 min. Centrifugal separation under the same conditions was
implemented, at identical conditions, for phase separation of the
particles and the nitric acid. After the supernatant was removed,
the particles were placed in the oven for drying at 55 C. During
20 µm 10 µm
2 µm 2 µm
(a) (b) 
)d()c(
Fig. 14. Scanning electron microscope images of synthesised zirconium citratomolybdate particles. Images are taken at different magniﬁcations: (a) 1.90 K; (b) 3.16 K; (c)
6.74 K; (d) 25.05 K.
138 N. Paul et al. / Polyhedron 89 (2015) 129–141trials of washing on a small scale, SEM images were taken prior to
the washing and after to determine the concentration of carbamate
required and the time of the washing.
Ammonium carbamate was chosen for selective dissolution,
based on research conducted by Jiang et al. [6]. This washing
reagent is known to dissolve Cs-phosphomolybdate by hydrolysis
of the Keggin phosphomolybdate anion (within the Cs3PMo12O40
xH2O structure), to produce [MoO4]2 and [PO4]3 ions. The overall
reaction proposed is expressed in Eq. (6).
½PMo12O403 þ 12H2O ! PO34 þ 12½MoO42 þ 24Hþ ð6Þ
The initial breakdown of the keggin complex then leads to the
production of ammonia and carbon dioxide. This takes place when
the carbamate ions interact with hydrogen ions.
24H2NCO

2 þ 24Hþ ! 24NH3 þ 24CO2 ð7Þ
Carbamate is known to protonate and forms carbamic acid,
which instantaneously decomposes into NH3 and CO2 gas. This is
an effective washing reagent as smaller more soluble anions are
formed and the liberation of CO2 is known to drive the dissolution
process under non-equilibrium conditions.
Dissolution of Zr-molybdate can also occur with ammonium
carbamate. Jiang et al. [6] assumed a dissolution model as
expressed by Eq. (8).
ZrMo2O7ðOHÞ2ðH2OÞ2 ! Zr4þ þ 2½MoO42 þ 3H2O ð8Þ
The breakdown of Zr-molybdate into zirconium and molybdate
ions is followed by the interaction of carbamate ions with zirco-
nium, to form a zirconium carbamate (ZrðCO3Þ42xx ) complex. This
reaction is expressed by Eq. (9).
Zr4þ þ xCO23 ! ZrðCO3Þ42xx ð9Þ
It is the formation of the ZrðCO3Þ42xx complex which drives the
dissolution process, where the rate of dissolution is however much
slower than Cs-phosphomolybdate. It is governed by thethermodynamic energies, which are controlled by how different
chemical bond types interactwith the solvent. Cs-phosphomolybdate
dissolution breaks down into smaller, soluble components and
requires the protonation of the carbamate, whereas, Zr-molybdate
requires more energy for zirconium carbamate complex formation.
Therefore, Zr-molybdate disintegrates into less soluble ions and the
relative dissolution rate is much slower.
The washing procedure is a key step in the optimisation process
for delivering a high quality uniform product. While the aim is to
remove any unconverted Cs-phosphomolybdate it is clear that
excessive washing with carbamate will also dissolve the zirconium
complex, which is not desirable. Therefore the carbamate should
be mixed for a limited amount of time. As an example, Fig. 14(d)
illustrates the effect of exceeding the equilibrium washing time.
The elongated Zr-citratomolybdate particle is surrounded by por-
ous material; which can be assumed to be the initial stages of
the dissolution process.3.5. Crystalline structure of nuclear waste simulants
Interaction of X-rays with the Cs-phosphomolybdate, Zr-molyb-
date and Zr-citratomolybdate powders produced a clear diffraction
pattern. Essentially, the ﬁngerprint of each system has been
determined through the PXRD technique. The crystal structure of
Cs-phosphomolybdate is presented in Fig. 15 and is identiﬁed to
crystallise in a cubic lattice with a space group of Pn3m. The
Hermann-Mauguin [27] space group notation suggests
Cs-phosphomolybdate crystallises in a primitive lattice cell,
denoted by P, this lattice contains a diagonal glide plane half a unit
cell length in each direction, and a 3-fold symmetry with mirror
plane (3 m), along the cell edges. The lattice parameters also
determined as a = b = c = 90 and a = b = c = 11.79.
Indexing of the peaks were derived using the lattice parameters,
the wavelength of the radiation source and the calculation of dhkl, a
manual iterative method was used to estimate the 2h position. The
N. Paul et al. / Polyhedron 89 (2015) 129–141 139miller indices (hkl) were assigned corresponding to the 2h position
obtained from the XRD pattern.
An example of this would be to explore a number of hkl values
i.e. (100), (110), (111), (200) etc. Initial stages involve calculating
the interplanar d-spacing, with respect to the crystal system. This
is followed by applying the Bragg’s law to determine the 2h posi-
tion. For hkl = (110),
1
d2110
¼ 1
2 þ 12 þ 02
11:7962
! d110 ¼ 8:34 A ð10Þsinh110 ¼ 1:542ð8:34Þ ! h ¼ 10:59
 ð11Þ
The calculation corresponds to the ﬁrst main peak of the struc-
ture. From Fig. 15 it can be suggested that the main peaks are vis-
ible at 10.59 (110), 18.40 (211), 23.83 (310), 26.14 (222) and
30.27 (400). The peaks in Fig. 15 are in good correlation Cs-phos-
phomolybdate XRD reported by Bykhovskii et al. [7].
The Hermann-Mauguin space group notation for Zr-molybdate
structure is I41cd, as determined by XRD. Fig. 16 illustrates the
XRD patterns for both Zr-molybdate and Zr-citratomolybdate, indi-
cating matching structures and thus the crystallographic parame-
ters remain identical. The incorporation of the citric acid additive
has no direct effect on the crystal structure. The citratomolybdate
complex attaches onto the speciﬁc surface and alters the rate of
growth of that surface. It does not however change the atomic
structure of a particular plane contained within the crystal.
The space group suggests a body centred tetragonal lattice struc-
ture, denoted by I. The object is repeated by the point group sym-
metry of 4/mm parallel to the c-axis. This is a 4-fold screw axis
with an anticlockwise rotation of 90, the unit of rotation is 1/4c
parallel to the c-axis. Perpendicular to the a- and b-axis are the
c-axial glide planes, with a unit translation of 1/2c in a direction
parallel to the c-axis. Perpendicular to the directions 45 from
a- and b-axis and 90 from the c-axis are the diamond glide planes,
with a translation of 1/4a + 1/4b + 1/4c. The lattice parameters,
also determined from XRD, as a = b = c = 90 and
a = b = c = 11.45 Å and c = 12.49 Å. Additionally, Fig. 16 compares
the XRD pattern of Zr-molybdate particles synthesised by Clearﬁeld
and Blessing [1] and again excellent agreement is seen to this
previous reported data.
From Fig. 16 it can be suggested that the main peaks visible are
15.45 (200), 21.03 (202), 24.56 (310) and 28.46 (312). TheseFig. 15. X-ray diffraction pattern fopeak indices correlate well with the work of Fourdrin et al. [28].
In contrast, the peak positions are at a slight shift compared to
the XRD pattern from this previous study. The reason for this shift
is due to the difference in radiation source, as Fourdrin et al. [28]
employed Co Ka radiation source, where k = 1.79 Å.
The diffraction patterns of Cs-phosphomolybdate and Zr-
molybdate can be compared, where the size of the crystalline
material relative to each other may be indicated. Large crystallites
tend to give rise to narrow sharp peaks. Considering the SEM
images and PSD data, the Cs-phosphomolybdate particles have a
size peak of 0.8 lm. This mean is compared to the Zr-molybdate
particles, where the size peak mean value is between 3 and 4 lm.
The XRD peaks of Cs-phosphomolybdate and Zr-molybdate suggest
the peak width increases with decreasing particle size. However, it
is important to consider that the peak width also increases as a
result of variations in d-spacing caused by microstrain.
The number observed peaks is related to the symmetry of crys-
tal. In the case of Zr-molybdate there are a large number peaks,
indicating low symmetry (8 symmetry operators). The intensities
of the peaks relate to the type of atoms present on the planes.
The scattering intensities for the X-rays are directly related to
the number of electrons in the atom. It is known that that the
lighter atoms scatter weak X-rays, whereas, heavy atoms scatter
X-rays more effectively. The difference in atomic size directly cor-
relates to the difference in interplanar spacing. Thus, in the case of
Zr-molybdate the (200) plane may contain of Zr and Mo atoms and
for Cs-phosphomolybdate structures the (222) plane contains Cs
atoms.
As discussed, the XRD patterns for both caesium and zirconium
compounds closely align with previously published research [1,7]
where it has been generally established that synthesised solids
are contained in single crystallised phases. Other complimentary
techniques have also previously been studied, including Raman
spectroscopy and multi-element NMR to help identify crystal
structure [1,6–8,28]. In particular, Jiang et al. [6] studied the disso-
lution of Cs-phosphomolybdate and Zr-molybdate with Raman
spectroscopy, informing the presence of MoO24 (identiﬁed by the
Mo–O bond stretch at 896 cm1) and [PMo12O40]3, which were
further conﬁrmed by 31P NMR studies. Due the close correlation
with this preceding literature, and in addition, the well-deﬁned
peaks in the XRD patterns (Figs. 15 and 16), it is concluded that
at least the majority of solids have crystallised into single struc-
tures for each of the caesium and zirconium species, and if any
amorphous phases exist at all, they are only minor. However, itr caesium phosphomolybdate.
Fig. 16. X-ray diffraction pattern for zirconium molybdate, zirconium citratomolybdate and a comparison to zirconium molybdate particles synthesised by Clearﬁeld and
Blessing.
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could indicate the degree of crystallinity and phase of individual
particles, and future work will look to conﬁrm any presence of
non-crystalline solids in the ﬁnal products.
This study focuses on the synthesis of non-active nuclear waste
particles, it is therefore of further interest to understand their for-
mation under continuous irradiation and thus, the inﬂuence of the
radiolysis products. Reprocessing of nuclear waste is conducted in
highly acidic environments, where radiolysis products such as NOx,
and potentially the primary radiolysis products of water, hydrogen
peroxide (H2O2) are liberated. A number of studies have been con-
ducted to understand the radiolysis of nitric acid [29–31] and the
decomposition of H2O2 under continuous irradiation conditions
to liberate O2 [32]. It is the radiolysis products that are redox active
which can readily interact with transition metals, in this particular
case Zr and Mo ions, to alter their oxidation state. It is believed the
change in oxidation state of the metal species leads to a decrease in
solubility and thus provides additional nucleation sites for particle
growth. Any presence of O2 in solution can also accelerate particle
growth due to the drive in equilibrium to favour the formation of
intermediates with nucleation sites. Thus, under induced irradi-
ated conditions, the nuclear waste particle size and morphology
may be inﬂuenced by the redox conditions of the radiolysis prod-
ucts at the solid–liquid interface, as reported by Alrehaily et al.
[33] on the formation of cobalt oxide under c-radiation. It is possi-
ble to hypothesis on the inﬂuence of radiolysis products under the
same process conditions as discussed in the study. It is thought
they may increase the aspect ratio of Zr-citratomolybdate particles,
as the change in the solution Zr and Mo properties accelerate the
rate of particle formation. This topic of interest will be investigated
in further research.3. Conclusions
This paper highlights key components related to the synthesis,
morphology modiﬁcation and particle characterisation of highly
active nuclear waste simulants. The reaction precipitation method
enabled the production of caesium phosphomolybdate, zirconium
molybdate and zirconium citratomolybdate particles on a rela-
tively large scale.
Manipulation of morphology (by addition of citric acid)
produced particles with identical chemical structures, althoughdifferent shape. The key difference is the transformation of the
aspect ratio, from 1 for cubic Zr-molybdate particles to 8 for
the elongated Zr-citratomolybdate particles. Process parameters
such as decreasing the ﬂow rate, modifying additive induction time
and particle washing with ammonium cabamate enabled the pro-
duction of high yield and uniform particles. Implementing particle
characterisation techniques such as SEM and EDX during synthesis
and post-synthesis, also conﬁrmed the presence of unconverted
Cs-phosphomolybdate at the end of the Method 1 synthesis route.
A chemical mechanism has been proposed for the initial pro-
duction of spherical Cs-phosphomolybdate to cubic Zr-molybdate
and ﬁnally elongated-cuboidal Zr-citratomolybdate particles. It is
the liberation of the oxomolybdate complex, [MoO5]2+, which
determines the overall yield of the ﬁnal product. Ultimately, this
research provides fundamental understanding for further particle
and dispersion characterisation, which can be directly utilised for
improvements in the nuclear waste treatment process.
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